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INTRODUCTION 
Purpose . 
The purpose of this investigation is to obtain knowledge 
of the geometry and origin of certain sandstone bodies in 
the Sundance Formation of the eastern Bighorn Basin of 
wyoming_ The development and extension of any feasible 
techniques for the determination of sandstone body shapes 
is a desirable by-product of euch a study_ 
Location of Area of Study 
The Bighorn Basin is an irregular, approximately 
elliptical, structural low-land limited on the west by 
the Absaroka and Beartooth Mountains, and on the south, east, 
and northeast by the Owl Creek, Bighorn, and Pryor Mountains, 
respsctively. All of these with the exception of the 
Absaroka8, are orogenic uplifts with exposed Precambrian 
cores, flanked by upturned strata. Between the peripheral 
hogback foothills and the Cenozoic strata exposed in the 
middle of the basin concentric cuestas and hogbacks outline 
northwest-southesst trending anticlines of 8 bordering fold 
belt. 
The Bighorn Basin is located physiographically in the 
middle Rocky mountain Province which consists of complex 
anticlinal mountains and intermontane basins. Structurally, 
2 
the Bighorn Basin is a deep syncline filled during the 
Laramide deformation with Paleocene and Eocene terrestrial 
deposits. 
The arid climate in mast of the Bighorn Basin supports 
vegetation,which con8i~ts generally of black sag~, saltbush, 
greasewood, wheatgrass, and needlegrass (Kuchler, 1964). 
Along the streams there are willows and cottonwoods. Conifers 
grow near the mountains whers precipitation is greater. 
The investigation wae carried out with information 
derived from the surface and subsurface within the folded 
border belt in the Bighorn Basin in Bighorn County, Wyoming 
and from the eurface within the peripheral hogback foothills 
along the western flank of the Bighorn mountains in Bighorn 
County. The surface exposures of the Sundance formation 
occur in hogbacks along the mountain flank and in cuestas, 
homoclinal ridges, and hogbacks in the folded border belt. 
Detailed surface observations were obtained in an area 
bounded by T.53-56N. and R.91-95W. Subsurface information 
was derived from bare hole samples in T.57N., R.97W., Sage 
Creek field, Bighorn County, Wyoming, The map (figure 1) 
indicates the location of the area of study and numbered 
sampling localities. 
3 
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Sand Body Shapes and Relations to Currsnts 
and Internal Structure 
Recsnt marine shelf sand accumulations take on many 
different shapes and are located in many topographic settings. 
One factor that is common to all in influencing their 
occurrence, internal and external geometry, size, and 
composition i8 aqusous currsnt. A framework upon which to 
build a discussion or investigation of either recent or 
ancient sand accumulations is found in the relation of the 
geometry of such accumulations to the prevailing aqueous 
current direction or directions. Investigations of recent 
sand accumulations in marine waters have just begun to make 
clear the relationships that may exist between external sand 
body shapes, internal body structure, and current direction. 
Experimental stUdies by mcKee and stsrrett (1961) of 
beaches and longshore bars indicate that both are character-
ized by cross-bedding with a maximum inclination to the 
principal surface of accumulation of about 20 degrees. This 
maximum dip occurs on the shoreward side of longshore bars. 
The sand beaches are obviously a part of the shore and 
coincident with it. The longshore bars, where developed, are 
also related to the shore and parallel it. Because of the 
refraction of waves on entering shallower water, wave 
prodUced currents will be generally perpendicular to ths 
shoreline and to the beaches and longshore bars, longshore 
6 
currents notwithstanding. According to mcKee and sterrett 
the structure of actual and experimental beaches consists 
essentially of gently seaward dipping strata with long, even 
slopes. Cross-bedding in beach deposite char~ct~ris~ically 
has dip angles of less than 12 degrees (mcKee, 195~). Of 1200 
measurements of slopes of beach surfaces and strata which 
Thompson (1937) recorded, 93 per cent were of slopes less 
than 12 degrees. CroBs-sections trenched normal to the shore-
line in longshore bars off the north coast of Bimini in the 
Bahaman Islands showed that large portions of the bars wers 
formed of strata dipping shoreward at 16 to 20 degrees, but 
seaward of the bar crest, upper strata dip seaward at 4 to 5 
degrees (mCKee and sterrett, 1961). 
Ball. (1966) has described what he refers to as a marine 
sand belt, parts of which are awash at low tide, in the 
Bahamas. These belts, which are about a mile wide, occur 
parallel to the major s10pebreak separating the Great Bahama 
Bank from the deeper ocean. Net sand movement appears to be 
across the sand belts from deep water to the Bank. The mean 
cross-bed dip direction was found to be perpendicular to the 
sand belt trend. 
Tidal current ridges oriented parallel to each other and 
to tidal currents have been found where tidal currents range 
between 1 and 5 knots and a supply of sediment is available 
(Off, 1963). These ridges are 25 to 100 feet high, 5 to 40 
7 
miles long, and are spaced 1 to 6 miles apart. Most are 
composed mainly of sand and Off (1963). speculates that cross-
bedding in them should be common with predominant dip direc-
tione toward the open ocean or toward the sides of the ~idges. 
Ball (1966) found similar tidal current ri~gee in the Bahamas 
whose long axes parallel current direction. He determined 
that cross-bedding has dips in the direction of the strongest 
current flow in the channels between ridges and that cross-
bedding perpendicular to the long axes of the ridges is 
present within the ridges proper. 
Another type of sand accumulation reported from recent 
deposits is the sand wave. Apparently the sand wave differs 
from ripple marks of the asymmetric type only in scale. Sand 
waves oriented perpendicular to current direction with ampli-
tudes exceeding 25 feet and a mean wave length of 2800 feet 
have been described by Cartwright and Stride (1958) from the 
shallow watere of the continental shelf around Britain. These 
are oriented with crests parallel to the edge of the continenw 
tal shelf. Sampling shows that sand and shell gravel are the 
chief components of the waves. An interesting difference 
between tidal current ridges and sand waves, other than their 
differing relationship with respect to current direction, is 
the fact that for the same spacing, sand waves tend to be 
about 5 times as high 8S the ridges (Off, 1963). No conclusive 
information with regard to the internal structure of these 
8 
sand waves is, as yet, available. Their occurrence in the 
North Sea in depths of about 90 fathoms presents an obstacle 
to cl08e examination. Although no data exists con~erning the 
internal 8tructure of recent transverse sand wave8, Pettijohn 
(1962), 8ugge8ts that m08t planar cross-bedding is the product 
of their migration. 
A few generalizations concerning. recent sand bodies can 
be made in view of the work of others. first, most sand 
bodies, that are not of uniform thickness and wide extent, 
have one dimension in plan view of much greater magnitude 
than the other, i.e. they are elongate. Second, elongate 
sand bodiee have their elongate dimension oriented generally 
either parallel to or perpendicular to current direction. 
finally, elongate sand bodies within a given area tend to lie 
with their long axes mutually parallel. 
methods of Investigation 
The Sundance formation was measured and described at 24 
localities. Rock samples and fossils as well as data 
concerning the shspe of certain sandstone bodies and the 
orientation of cross-bsdding and ripple marks within them 
were collected at each. Surface observation was supplemented 
by use of aerial photographs. Plane table mapping techniques 
were used to delineate the shape of one of the sandstone 
bodies. 
9 
Laboratory ~rocedures included X-ray diffraction of 
ailts~one, shale, and claystone for mineralogic determina-
tions, exami~ation of thin sections prepared fro~the sand-
stone bodies, and statistical analyeis of orientation data of 
craBs-bedding. 
Subsurface investigation included t~e examination of 
sample cu~tings from bore holes to gain additional information 
of the shape of the sandstone bOdies. 
10 
STRATIGRAPHY Of SUNDANCE fORMATION 
The Sundance formation in the area studied may be 
described in terms of six units. The names applied to rocks 
of these units are based on the classification schemes of 
Pettijohn (1957). 
The basal unit of the formation cons~sts primarily of 
siltstone interbedded with and capped by a calcarenaceous 
orthoquartzite and oolitic calcarenite. 
The siltstone is composed mainly of quartz and calcite 
and is light green to dark greenish-gray and yellowish-brown. 
It contains very fine, subangular quartz sand and medium 
sand-size, calcite oolites. The siltstone is cemented by 
calcite and contains fragmental and complete pelecypods. 
The oolitic calcarenite is white to light brownish-
gray. Particle size and composition varies from 8 small 
amount of silt and very fine sand-size quartz to abundant 
medium sand-size calcite oolites. The oolites are held 
together by cryptocrystalline calcite cement. Crossbeds, 
in units up to a foot thick, occur in the calcarenite. 
fragmental pelecypods together with the oolites comprise 
the main part of the detrital framework of the rock. 
The oolitic calcarenite grades laterally and vertically 
into calcarenaceousorthoquartzite of light gray to brown 
color. The detrital framework of this rock is composed 
primarily of subangular to subrounded, well sorted, very fine 
11 
figure 2. Generalized Stratigraphie Section of the 
Sundance formation 1n the area of study 
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Figure 3. Classification of the calcarenites based 
on the compo81tlonof the sand-size fraction, 
after Pettijohn (1957) 
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to fine sand-size quartz grains. The sand which contains 8 
few medium sand-size calcite oolites is cemented by crypto-
crystalline calcite. Symmetrical ripple marks are present 
and crossbeds occur in units up to a foot thick. fragmental 
pelecypod shells comprise a minor portion of this calcarena-
ceous orthoquartzite. 
Within the basal unit and occurring rather randomly 
vertically and horizontally in about one third of the 
exposures studied, are one or two light greenish-gray lenses 
of coquinoidal calcirudite cemented by calcite and composed 
moetly of pelecypod fragments. The lensee are 6 to 8 inches 
thick and in most of the exposures studied they are only 
a few tens or hundreds of feet in horizontal extent. The 
coquinoidal calcirudite is present at localities 2, 3, and 
7 on Spence Dome in a 6 inch thick layer and may be continuous 
between these localities. 
This basal siltstone, orthoquartzite, and calcarenite 
unit varies from 12 to 30 feet in thickness and is thickest 
in the area of Spence Dome and the north end of Sheep 
mountain Anticline. 
Above the basal unit of the Sundance formation is a 
yellowish-green to olive green siltstone unit which grades 
vertically into a claystone and shale in its upper one third. 
The siltstone, claystone, and shale is composed primarily 
of quartz and calcite. x-ray diffraction patterns from 10 
16 
samples taken from the m1ddle of this unit revealed that 
mineralogically, 1t.consists of calcite and quartz as well as 
feldspars, dolomite, and less than 10 per cent of clay 
minerals. Determination of clay mineralogy was not accom-
p11shed. 
Complete and fragmental Gr~phaea nebrascensis shells 
are very abundant especially in the lower half of theu~it, 
and crinoid stem fragments are common throughout. Rare, 
but complete specimens of small ammonites and brachiopods 
occur in the middle of the unit. 
Bentonite lenses, 2 to 3 feet thick, occur in the 
middle of the unit at localities 4 and 5 on the west flank 
of Sheep Mountain Anticline and at the base of the siltstone 
unit at locality 14 at the north and of Sheep Mountain. At 
locality a on the south end of Sheep Mountain Anticline ths 
upper 6 inches of the unit is a coquinoidal calcirudite 
consisting primarily of fragmental Gryphaea shells. 
This siltstone unit varies in thickness from 80 to 100 
feet 1n the area of study. 
Above the second unit in the Sundance formation is a 
light brownish-gray to light greenish-gray, thinly laminated 
calcilutite which is interbedded with light yellowish-brown 
shale. This calcilutite has been referred to as a "papery 
limestone" (Imlay, 1956). 
Chalcedony nodules (Imlay, 1956) were found in 
17 
asaociation with thia calcilutite unit on the northwest flank 
of Little Sheep Mountain Anticline. A few small foaail 
.. . 
echinoida occur in exposures of this unit on Crystal Creek 
Anticline. 
The calcilutite pinches out to the south and east in 
the area of study, and is absent south of Sheep Mountain 
Canyon and along the Big Horn Mountain front south of Beaver 
Creek. The unit varies from 15 to 25 feet in thickness 
where it occurs in the area of study. 
Above the thinly laminated calcilutite is another unit 
composed of light yellowish-brown to buff calcarenaceous 
orthoquartzite and oolitic calcarenite. The calcarenaceous 
orthoquartzite is composed of subangular to subrounded, well 
sorted, very fine to fine sand-size quartz particles and five 
per cent chalcedony, chert, feldspar, and zircon particles. 
These are dispersed through 8 cryptocrystalline calcite 
matrix which separates the detrital particles so that they 
do not touch one another. Thus the rock has a dlsrupted 
framework. 
The oolitic calcarenite i8 light grayish-brown to 
reddish-brown. Itia composed primarily of flne to medium 
sand-size calcite oolites with eome rounded pellets and 
8ubangular to angular fossil fragments. Less than 10 per 
cent of this rock is composed of subangular to subrounded, 
very fine to fine sand-size quartz particles. The cementing 
18 
material is mostly cryptocrystalline calcite that separates 
the sand-size particles and structures of the rock in some 
instances. 
80th the oolitic calcarenite and the calcarenaceous 
orthoquartzite are crossbedded. Symmetrical and asymmetrical 
ripple marks are preserved on bedding surfaces in both rock 
types. Occasionally parting lineations are present on 
fore set surfaces of the calcarenite. 
The oolitic calcarenite grades laterally and vertically 
into calcarenaceous orthoquartzite, thus a continuum exists 
between these two end member rock types. In some instances 
one gives way vertically to the other rather abruptly from 
one side of a bedding surface to another. Commonly crossbed 
sets are composed of alternating calcarenite and ortho-
quartzite foreseta. 
In some exposurea of this unit, fossil fragments are 
present to the extent of forming discrete fragment layers 
about I inch thick. 
This calcarenite and orthoquartzite unit is lenticular 
ranging from zero to 50 feet in thickness. The unit appears 
to be randomly distributed in the area of study. Where it is 
present it most often is about 15 to 30 feet thick. 
This unit constitutes the sandstone bodies around which 
this study is centered and henceforth .ill be referred to as 
lithe sandstone. It The bodiee will be referred to as lithe 
19 
sandstone bodies." 
Overlying this 1s an olive green to dark greenish-gray 
siltstone and claystone that is comprised mainly of quartz 
and calcite particles. The lower one third of the unit is a 
claystone that grades upward into a slltstone 1n the ~lddle 
and lnto an interbedded siltstone and yellowish-brown, fine 
sand-size, quartzose sandstone in the upper one third~ On 
the west flank of Sheep Mountain Antlcline (Locality 5) a 15 
foot.thickbentonitic zonei8 present in the mlddleof the 
unit. X.ray diffraction patterns from 10 samples from .the 
lower one third of this unit indicate the presence of quartz, 
calcite, dolomite, feldspar, and less than 10 per cent of 
undetermined clay minerals. 
Throughout this siltstone and claystone unit are very 
abundant, partially fragmented remains of Pachrteuthis densus. 
Ammonites of 2 to 3 inch diameter, and Trlgonia sturgisensls 
and Astarte dacotensis occur in complete condition rather 
commonly in a band of sandy concretions one third of the 
distance to the top of the unit. Complete and partially 
fragmented Ostrea engelmanni occur abundantly in the middle 
of the unit. Two thirds of the distance to the top of the 
unit is a 6 inch thick bed that is essentially a coquina 
comprised mostly of complete Camptonectes bellistriatus. 
The siltstone and claystone unit varies in thlckness 
from 120 to 140 feet in the area of investigation. 
20 
figure 4. A. 
figure 4. B. 
A portion of the Sundance formation 
exposed an Crystal Creek Anticline 
(Locality 22) is shown. The "sandstone" 
appsars at the bottom of the photograph, 
the uppermost siltstone in the middle, 
and part of the uppermost protoquartzite 
unit appears at the top 
The lowermost siltstone and calcarenite 
unit of the Sundance formation exposed 
on Little Sheep Mountain Anticline 
(Locality 18) is shown. The dotted line 
marks the lower boundary of the 
formation 
21 
22 
The uppermost unit of the Sundance formation is a light 
greenish-grey and light greenish-brown protoquartzite that 
is composed of 10 to 25 per cent glauconite and other uniden-
tified minerals. The detrital particles are subangular to 
subrounded, moderately well sorted and fine to medium sand-
size. Asymmetric ripple marks and cross~beds are common in 
this calcite cemented protoquartzite. At every locality 
studied at least one layer from 1 to 3 feet thick occurs in 
which shell fragments account for 25 to 40 per cent of the 
rock. As many as four of these shelly layers occur in the 
unit, but they appear to be very localized lenses and are 
not continuous laterally. 
Occurring near the top of this unit is exposed a 
particularly interesting structure on Crystal Creek Anticline 
(Locality 21). It is a massive, very well cemented, len-
ticular body about 1 foot thick within a thinly laminated 
sandstone unit. It has been exposed by erosion of a gentle 
dip slope and displays a lobate edge with rill marks on its 
surface. The relation to surrounding beds and the form of 
the lobate edge of the bed suggest preconsolidation flowage. 
This protoquartzite unit varies from 80 to 125 feet in 
thickness in the area of study. 
The Sundance formation is assigned Callovian and 
Oxfordian or Late Jurassic age (Imlay, 1956). 
Imlay considers the contact between the "lower Sundance" 
23 
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and "upper Sundance," which correspond to the first three 
units described and the last three described, respectively, 
along the east side of the Bighorn Basin to be a di&con-
formity. He bases this conclusion on regional faunal and 
stratigraphic evidence that is mostly derived from sources in 
~ontana and south and western Wyoming (Imlay, 1948, 1952). A 
break in sedimentation during Middle and Upper Callovian has 
been rather convincingly demonstrated 1n ~ontana and parts 
of southern and western Wyoming. The disconformity proposed 
by Imlay in the portion of the eastern Bighorn Basin under 
consideration here has yst to be tied to fossil evidence. 
If the disconformity exists between the "lower" and 
"upper Sundance" in the area considered, it should be obvious 
from the local physical evidence. Imlay (1956, p. 591) lists 
physical evidence he found to indicete the disconformity as 
"(1) the sharp contact between the 'lower Sundance' and 
'upper Sundance' formationsJ 
(2) the presence of chalcedony masses associated with 
papery limestone near the top of the 'lower Sundance' 
formation in the area between Gypsum Creek and Little 
Sheep Mountaint 
(3) abrupt pinching out of limestone and sandstone units 
at the top of the upper sandstone member (of the 'lower 
Sundance') in the areas where chacedony masses occur." 
The abrupt contact between the sandstone and siltstone-
claystone is acknowledged, but an abrupt contact is short of 
conclusive evidence for an unconformity. The presence of the 
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abrupt contact does not rule out the possibility that the 
contact is conformable on a local basis. 
The chalcedony masses mentioned by Imlay occur at one 
locale (Locality 18) on the west flank of Little Sheep 
Mountain. The nodules are 15 feet below the tap of the sand-
stone and it seems doubtful that in this relation to the 
contact they have any real bearing an its nature. The nodules 
ara secondary and could have originated near to or distant 
from a surface of unconformity. Only in this one locality 
in the area studied were these nodules observed. 
Abrupt pinching aut of discrete sandstone units at many 
localities suggests that this phenomenoni. related to the 
dspositional origin of the units rather than to shaping by 
soms erosional process in an interval between the deposition 
of the "lower Sundance" and the "upper Sundance." Ths 
discrete sandstone units mentioned have a lens-like cross-
section and in several instances are completely enclosed in 
sandstone which isolates them from the siltstone and claystone 
of the "upper Sundance." In no ca •• was truncation of the 
sandstone unit by the overlying siltstone and claystone 
observed. 
It is concluded that there is no erosional unconformity 
in the Sundance Formation in the area of study. 
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STRUCTURES Of THE SANDSTONE BODIES 
for the purposes of discussion cross-bedding is defined 
as "a structure confined to 8 single sedimentation unit 
consisting of internal bedding, called foreset bedding, 
inclined to t~e pri~cipal surface of accumulation" (Potter 
and Pettijohn, 1963, p. 69). The foreset beds within a given 
sedimentation unit will constitute a cross-bed set. Small 
scale cross-beds are defined as those foreset bsdb,compri2ing 
a sedimentation unit of less than 1 foot thickness. Largs 
scale cross-beds are those foreset beds comprising a sedi-
mentation unit greater than 1 foot thick. 
The large scale crass-beds of the sandstone bodies that 
were used for paleocurrent analysis, have foreset beds that 
are generally tangential to the sedimentation unit below 
them. These crossbeds are of a very shallow trough type, in 
which the width of the foreset beds, taken perpendicular to 
their inclination is 10 to 20 times the depth of the trough. 
The plan view traces of the fareset beds of cross-beds show 
very gentle concavity in their inclination direction. The 
individual sets of these large scale cross-bedded units 
commonly have thicknesses of 4 to 40 feet. The foreset 
beds in large scale cross-beds are 0.5 feet to 4 feet thick. 
In some localities where more than one large scale cross-bed 
set is present, it is possible to observe a sequence of 
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formation of sets from the cross-cutting relationships that 
exist between them. 
Ripple marks of symmetrical and asymmetrical cross-
section occur in the sandstone bodies. Both are of the 
straight, continuous, parallel crest type. The symmetrical 
ripples are much more common than the asymmetrical. The 
ripple marks occur primarily on bedding surfaces which 
coincide with or are parallel to the principal surface of 
accumulation. That is to say, few ripple marks occur on the 
inclined portion of the foreset beds of large scale cross-beds. 
In cross-section, the shape of the lower boundary of 
the sandstone bodies appears to vary from nearly planar to 
gently convex downward. The shape of the upper boundary of 
the sandstone bodies is more difficult to determine, but it is 
probably gently convex upward. That at least one of the two 
boundaries must be curved is obvious from the discontinuous 
surface exposure of the unit. 
within the sandstone body are lenses of sandstone, 
mentioned earlier, that are generally differentiated from 
the surrounding sandstone by a greater calcite content 
that makes them more completely cemented and resistant, and 
by having internal features (foreset beds) which bear angu-
larly discordant relations to those of the surrounding rock. 
These lenses within the sandstone bodies appear to have 
upper boundaries that are convex up and lower boundaries 
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figure 6. Large scale cross-bedding 1n the sandstone 
at Crystal Creek Anticline 
(Scale in photograph B 1s given by 
reference to a small radio that appears 
as a bright object in the upper right) 
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that are convex down. The dimensions in side view of these 
lenses attain a maximum length of about 80 feet and a thick-
ness of about 8 feet. At one locality there are three lenses, 
as described above, arranged in different vertical and 
horizontal positions within the sandstone body. 
The possibility of soft-sediment deformation of the 
structures within the sandstone body has been considered. 
If such deformation had occurred, overturning, buckling, 
and crumpling of the foreset beds would likely have resulted. 
No evidence of these deformational features or any others 
were found within the sandstone bodies to indicate deforma-
tion. It may appear that some deformation must have occurred 
because the sandstone bodies are encased above and below by 
siltstones, claystones, and shales, bu~ preliminary deter-
minations have shown these surrounding sediments to be com-
posed mainly of quartz and calcits with less than 10 per cent 
of clay mineralse Thus less clay compaction occurred than 
would have if the surrounding sediments had consisted 
primarily of clay minerals. 
The sandstone bodies are interpreted as having formed 
in a shallow, subaqueous, marine environment. This inter-
pretation is based on the fact that the unite immediately 
overlying and underlying the sandstone contain complete, 
non-fragmented, benthonic marine fossils in considerable 
abundance. It appears, from the preliminary work with these 
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fossils, that they may well repressnt a fossil community. 
Within the sandstone itself are complete fossils of a rather 
delicate nature, namely certain ophiuroids (brittle stars) 
which must have lived at the site of deposition of the sand-
stone bOdies. The omnipresence of symmetrical ripple marks 
preserved in the sandstone also suggests a shallow sub-
aqueous mode of origin. 
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ORIENTATION Of CROSS-BEDS AND RIPPLE MARKS 
field measurements 
The cross-beds and ripple marks in,the sandstone bodies 
were examined and measured in the field. The purpose of 
these measurements was to gain information that would allow 
a determination of current direction or directions which 
operated during the deposition of the sandstone bodies. 
That cross-beds are related to current direction has been 
shown by stUdies of both modern and ancient cross-bedding 
in which it has been found that the maximum inclination 
direction of a foreset bed is parallel or subparallel to 
the direction of the average local current vector (Potter 
and Pettijohn, 1963). Ripple marks with straight, sub-
, 
parallel crests are commonly transverse to current direction. 
The relation between foreset bed inclination direction and 
ripple crest strike has been found to be orthogonal in 
several marine sandstones (Hamblin, 1958). 
Cross-bedding and ripple marks were measured at all 
exposures studied where they were present. A Brunton compass 
was used to determine the direction of maximum dip and the 
inclination of foresets of cross-beds and the direction of 
a line perpendicular to ripple mark crests. The structural 
attitude of the associated strata was also determined. An 
attempt was made to take six measurements on foreset beds 
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of each cross-bed set at each locality. At most, four cross-
bed sets could be distinguished and measured. At many out-
crops, the nature of the exposure limited the number of 
measurements obtainable from any given set. At some 
localities only one measurement of foreset inclination 
direction and inclination was obtainable. This measurement 
was recorded. 
Ripple marks were measured by determining the direction 
of a line perpendicular to the ripple crest with a Brunton 
compass. An attempt was made to record at least six obser-
vations from each ripple set, but again, if the nature of 
the exposure was such that only one or two ripple marks 
were measureable, these observations were made and recorded. 
No formal sampling grid could be established at the 
sampling localities for the reason that at numerous ex-
posures of the sandstone a scarcity of cross-beds and/or 
ripple marks rendered this procedure impractical. Tanner 
(1955) determined in a similar study that no significant 
error resulted from failure to use a formal grid. 
Treatment of Data 
In the area of study where structural folding has 
tilted the sandstone from the horizontal, the foreset beds 
and ripple marks no longer retain their original orientation. 
It is necessary, therefore, to correct their present attitude 
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for tectonic deformation and to "restore" them to their 
original position before any meaningful paleocurrent enalysis 
cen be made. 
The fare set beds and ripple marks may have been rotated 
about one or mare of three mutually perpendicular axes in 
structurally deformed strata. In correcting field data for 
structural tilt it was assumed that rotation about a vertical 
axis or rotation about a horizontal axis perpendicular to the 
strike of the sandstone was small enough to be neglected. 
Thus all corrections made for structural tilt were for 
structural rotation about a horizontal axis parallel to the 
strike of the sandstone through an angle equal to the dip of 
the sandstone. The corrections applied to the azimuthe 
perpendicular to ripple crests were determined graphically 
by rotating a line in an inclined plane to the horizontal 
and measuring its new azimuth. The corrections applied to 
the direction and inclination of maximum dip of foreeet beds 
in crass-bedding were made by calculating the strike of the 
foreset bed eurface, which together with its inclination 
describes its attitude in space, and rotating the plane of 
crass-bedding around the strike of true bedding through the 
angle of dip of the sandstone. This problem is essentially 
the problem of Ittwo-t'il ttt and was solved by the use of polar 
projections an a ·stereonet using the procedure as outlined by 
Phillips (1960). 
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Table 1. Current structure orientation data (corrected) 
structure Location Azimuths (degrees) - -x Xv 8 
Ripple 
marks 1 342.326;335;332;346;321;342, 300 
331,228,360,212,312,216,208 
4 266,266,350,299 295 
8 285,274,282,288,283,300,305, 286 
275 
10 235,240,230,250,310,286,300, 308 
320,315,290 
11 326;326;322,324,334,352,349, 341 
360,358,354,352 
15 305 305 
18 230,216,236,243,224,260,268, 266 
221,203,250,262,220,260,184, 
312,315,283,339,301,275,329, 
349,350 
Cross-beds 3 170,200,210,210,180,293,302, 245 
288,289,285,328,310,328,314, 
180,185,180,170 
5 276,314,302,006 314 
7 245 245 
17 275 275 
21 226,198,188,237,010,011,008 279 
22 335 335 
23 216,212,220,198 211 
23a 360,291,294,327,295,305,303, 244 
182,165,165,175,157,156 
14 265 265 
Table 1. (Continued) 
structure location 
All Ripple 
marks 
All Cross-
beds 
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Azimuths (degrees) 
-xa • arithmetic average 
-Xv • resultant vector 
288 293 
-* 254 
* x not calculated because measurements cover more than 
180 degrles of arc. 
The tilt-corrected orientation data of cross-bedding 
and ripple marks was grouped into 30 degree and 20 degree 
class intervals, respectively, and current roses were drawn 
(see figure 1). The foreset inclination varies from 9 degrees 
to 32 degrees with an arithmetic average of 18.1 degrees. 
A histogram constructed with 2 degree class intervals for the 
fore set inclination shows a mode in the 15 to 16 degree 
interval. 
As 8 measure of central tendency of the paleocurrent 
direction the current rose for ripple marks was not considered 
directly because symmetrical ripple marks indicate only 8 line 
parallel to current direction, and can be formed by rather 
weak end possibly variable oscillations. The ripple mark 
orientation data gathered is probably biased as it was 
38 
obtained in greatest quantity from the upper portion of the 
sandstone, where the ripple marks are more readily observed 
and measureable. 
The central tendency of the paleocurrent direction was 
determined from cross-bedding orientation data. A single 
azimuth, representing this central tendency, was calculated 
from the bimodally distributed date, es the resultant vector 
where 
and 
Xi = midpoint azimuth of the ith class interval 
ni • the number of observations in each class 
-Xv = the azimuth of the resultant vector. 
This procedure has been used extensively in determining 
central tendency of orientation data in which azimuths from 
more than 180 degrees of arc are involved and was first used 
by Reiche (1938). The orientation data of cross-bedding 
and symmetrical ripple marks are summarized in Table 1. 
Average directions of inferred current directions at each 
locality are indicated on the paleocurrent map (see figure 1). 
The hypothesis of random orientation of azimuths, 
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yielding the resultant vector calculated from cross-bedding 
inclination azimuths was tested at the 0.01 significance level 
by means of the Rayleigh test as suggested by Potter and 
Pettijohn (1963). The test is adapted to this application 
by expressing the resultant vector magnitude 
in terms of per cent 
R L = __ 100. 
n 
Substituting I 
where L • resultant vector in terms of per cent 
n = number of observations 
p = probability of obtaining a greater vecto~ by 
pure chance combination of azimuths 
Curray (1956) expresses the results of this test in graphical 
form and for a value of L = 46.2 per cent for cross-bedding 
data and n = 50, it was determined that the probability is 
1 th 10-4 that a t it d f 46 2 ess an vec or magn u eo. per csnt or 
more will be obtained by pure chance 1n 50 observations. 
Therefore the hypothesis of random orientation can be 
rejected at the 0.01 significance level. 
To the extent that current and foreset bed inclination 
direction parallel one another, it i. concluded that the 
calculated resultant vector for cross-bedding with azimuth 
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254 degrees is a good measure of the central tendency of 
the d1rection of currents that depoeited the sandstone 
bodies. 
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WORKING HYPOTHESES 
In organizing a rationale by which to predict the shape 
of the sandstone bodies, it is necsssary to assume that the 
bodies are of elongate plan and that they are aligned in a 
parallel or subparallel manner with respect to each other. 
The former assumption is based on the fact that the sandstone 
is not a continuous, uniformly thick unit, and on the 
generalization that sandstone bodies which are not sheet or 
blanket deposits fall into the broad category of elongate 
sand bOdies. The second assumption follows from the first. 
Both of these assumptions appear valid in the light of field 
evidencs, as will be pointed out in a later section of this 
paper, and the synthssized results of the work of others 
8S reported in the introduction. 
The working hypotheses used arel 1) that the sandstone 
bodies ara parallel or subparallel to the resultant vector 
of cross-bedding measurements, or 2) that the sandstone 
bodies are aligned perpendicularly, or nearly so, to the 
resultant vector of cross-bedding measurements. The resultant 
vector of cross-bedding measurements is taken to be the 
central tendancyof current direction during the deposition 
of the sandstone, and was calculated to be azimuth 254 
degrees. 
The only large scale, elongate, marine sand bodies 
oriented perpendicular to current direction for which fairly 
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detailed information of the relation between. shape and 
internal structure ~s available, are beaches, longshore 
bars, offahorebars, and barrier bars. All are internally 
characterized mainly by foresets which are inclined seaward 
at angles of 12 degrees or less. The average inclination 
of foresets measured in this study is 18 degrees, and is as 
great as 32 degrees. 
Thus, from the outset, some information indicates 
that hypothesis (2) does not describe the relation between 
the shape of the sandstone bodies and paleocurrent direction. 
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DIRECT EVIDENCE Of SANDSTONE BODY GEOMETRY 
Surface Data 
In the course of the field work accomplished as a part 
of this study, special attention was given to locating 
surface exposures of the sandstone which would aid in testing 
the working hypotheses concerned with the relation between 
elongation of the sand bodies of the unit and paleocurrent 
direction. Three such expoeures were encountered and a 
description of each follows. 
At Red Canyon Creek (locality 10) in the SE 1/4 Sec. 21, 
T.54N., R.91W. an exposure of the sandstone is present in 
a topographic situation such that it may be viewed in three 
dimensions. Erosion has cut through the unit on three sides 
where structural dip is 14 degrees. A lensatic body that 
ranges in thickness from 0 to about 5.5 feet and is composed 
of the oolitic calcarenite end member rock type of the sand-
stone was selected for mapping. Its extent and thickness 
were determined with plane table and alidade. The resulting 
data were used in the construction of an isopachous map of 
the body on a 0.5 foot contour interval (see figure I). 
Because erosion has removed an undetermined portion of the 
body, an assumption must be made that the present proportions 
of what remains are 8 fair approximation of the original 
proportions of the body, in order to consider the information 
concerning its shape useful. This assumption is based on the 
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fact that the sediments enclosing the sandstone, both 
vertically and laterally, are more easily eroded and that 
erosional processes appear to have been active on three 
aides of the body at about the same rates. 
The mapped sandstone body shows an elongation with an 
azimuth of 241 degrees. 
No measursments of cross-bed foreset inclination 
direction ware possible at locality 10 because of the nature 
of the exposure of the sandstone, but ripple mark measure-
ments were made and their arithmetic average, 308 degrees, is 
indicated on the paleocurrent map (figure 1). 
An exposure of the sandstone is present at Crystal 
Creek Anticline (locality 23) in the NW 1/4 of Sec. 26, 
T.55N., R.94W. that appears to be an "exhumed" sandstone 
body. In viewing this body the assumption must again be 
made that its present proportions are a fair approximation 
of those it had originally. This seems to be a reasonable 
assumption because the sandstone is enclosed in more easily 
eroded sediment and because it appears that surface erosion 
has been about equally active on three sides of the body, 
while the fourth side is not eroded (see figures 8 and 9). 
Along the strike of the strata, where structural dip is 8 
degrees, the sandstone is expoeed for only 125 feet and this 
dimension corresponds to the width of the sandstone body 
here exposed. The body has a length of 300 feet and a 
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figure 8. A. The sandstone body at Locality 23 
viewed parallel to 
(looking N85W) 
its elongation 
figure 8. 8. The sandstone body at Locality 23a 
viewed subparallel to its elongat~on (looking N70W) 
Figure 8. C. Cross-section of the sandstone body 
at Locality 23a where it is transected 
by a gully (looking N72E) 
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maximum thickness of 3D feet. The elongation of the visible 
portion of this sandstone body has an azimuth of 275 degrees. 
One set of large scale cross-beds was observed within this 
sandstone body and the arithmetic average ot the directions 
of their maximum dip, 211 degrees, is indicated on the 
paleocurrent map (figure 1). 
The third sandstone body studied is on Crystal Creek 
Anticline (Locality 23a) in Sec. 35, T.55N., R.94W. field 
evidence similar to that found with the bodies described 
above was found to indicate that this body retains much of 
its original dimensional p~oportions (see figures 8 and 9). 
The body is about 3400 feet long. 700 feet wide at its 
widest point and has a maximum thickness of 40 feet. At 
one point, about one third of its length from its eastern 
end, the body is transected by a gully that has eroded into 
the underlying siltstone. Examination of the material 
visible in the bottom and sides of this gully south of the 
exposed body supports the view that the body has narrow 
extent in that direction. At this locality two sets of 
large scale cross-beds are Observable. The arithmetic 
average of directions of maximum dip of foresets of these 
cross-beds, 244 degrees, is indicated on the paleocurrent 
map. The trend of elongation of this sandstone body has an 
azimuth of 240 degrees. 
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Subsurface Data 
Possibly ths most obvious and conclusive evidence of 
the size and shape of the ~andstone bodie. would be that 
gained from subsurface data taken from many closely spaced 
control points. With this in mind an effort was made to 
locate bore holes in or near the study area, in close 
proximity to ona another for which drill cutting samples 
were available. from the size of the "exhumed tl sandstone 
body at locality 23a, it was reasoned that horizontal 
density of borehole data would have to be an the order of 
10 to 25 boreholee per square mile to be of value in locating 
and delineating any subsurface occurrencee of the sandstone 
bOdies. Only one location near the area of surface study 
was found to have the necessary density of boreholes for 
which samples were available. 
Samples taken at 10 foot intervale from 11 bore holes 
(oil wells) in Sec. 18, T.57N., R.97W., Sage Creek field, 
Bighorn County, wyoming were examined. Sage Creek field 
lies about 12 miles northwest of the area of surface study, 
near the town of frannie (eee figure 1). 
At the outset, it is assumed that the paleocurrents 
responsible for shaping any sandstone bodies present in the 
subsurface at Sage Creek were of eesentially the same direc-
tion as those in the area of surface study, and thus that a 
parallelism should exist between the sandstone bodies in the 
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subsurface and those seen at the surface. The assumption 
that paleocurrents depositing sandstone bodies in the Sage 
Creek area were of essentially the same directions as those 
that operated 12 miles to the southeast in the area of 
surface study is based on the fact that inferred paleocurrent 
directions within the area of surface study, which has no 
dimension less than 24 miles, are everywhere e8ssntially 
the 8ame. 
Samples from the 11 bore holes in Sage Creek field 
were examined to determine the presence or absence, and 
the thickness of the sandstone of the Sundance formation. 
It was assumed that no major facies changes occur from the 
surface study area to Sage Creek, and in fact, this seems to 
be true as the stratigraphy encountered in the bore holes, 
within the error aesociated with information gathered from 
well samples, is basically the same as that described from 
the surface. 
The sandstone is present in three of the 11 bore hole8 
studied. The horizontal relationships between these three 
holes and the other eight is shown in figure 10. The 
sandstone is correlated between the three holes in which it 
is found and an interpretation of the most probable trend 
of the unit is shown in the figure. This elongation trend 
has an azimuth of 257 degrees. 
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figurelD. Interpretation of sandstone body shape 
in two dimensions baaed on bore hale 
samples fram Sage Creek field 
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CONCLUSIONS 
Sandstone Body Shape and Currents 
This study has indicated that paleocurrents which acted 
on the sandstone bodies had a preferred orientation. This 
orientation revealed a central tendency of paleocurrent 
direction with an azimuth of 254 degrees. That the sandstone 
bodies are of elongate form was an initial assumption that 
all evidence has supported. The assumption that the sand-
stone bodies exhibit some degree of parallelism has been shown 
to be valid. 
The arithmetic average of the long axis azimuths of 
the four sandstone bodies described in the previous chapter 
is 253 degree$. This value agrees with the azimuth calculated 
as the central tendency of paleocurrent direction rather 
closely. On the basis of this agreement between paleocurrent 
direction and sandstone body elongation trend and because 
all observations tend to support the working hypothesis that 
the sandstone bodies are generally parallel to paleocurrent 
direction, while none were found to support the alternate 
hypothesis, it is concluded that the sandetone bodies 
are oriented parallel to the central tendency of paleocurrent 
direction. 
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Sandstone Body Shape, Internal Structure, 
and Origin 
Ths current rose based an crass-bed measurements (see 
figure 1) indicatee that crass-bed inclination directions are 
bimodally distributed with about 90 degrees between modes 
and 45 degrees between each made and the resultant vector. 
The resultant vector was shawn to coincide closely with the 
direction of elongation of the sandstone bodies, sO that 
each of the twa cross-bed modes also lies at an angle of 
45 degrees to the length of the sandstone bOdies. 
Observation and measurement of cross-beds in the sand-
stone at the localities where it was studied did not make 
clear the relation between crass-bed inclination direction 
and vertical position within the unit. One of the problems 
involved in this determination is the apparent lack of key 
or marker beds within the sandstone. 
One possibility is that cross-beds of the two modes 
are randomly located vertically in the sandstone and formed 
almost contemporaneously in different sand bodies, or 
perhaps within the same body. That paleocurrents were bimodal 
throughout the time of deposition of the sandstone finds 
support in the fact that paleocurrent systems in other 
stUdies in many geographic localities eeem to be very 
stable through time. In this light the problem of strati-
graphic control takes on minor importance (Pettijohn, 1962). 
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That an elongate sand body may bear a much more complex 
relationship to current direction than was proposed in the 
introduction to this paper has been demonstrated by McKee 
and Tibbetts (1964). In Libya they found a seif dune 45 feet 
high and several miles long in an east-west direction, in 
which the cross-beds dip at high angles (25 to 35 degrees) 
to the north and south. The prevailing winds acting on the 
seif are bidirectional in that the wind blows from the 
southeast in the mornings and from the northeast in the 
evenings. Thus they concluded that the seif structure is 
largely controlled by winds from two directions about 90 
degrees apart. It is said that the desert dune complex 
may be a possible modern analogue of shallow marine sand 
bodies (Potter, 1967). Another situation examined by McBride 
and Hayes (1962) on mustang Island near the Texas coast 
finds aeolian sand with bimodal inclination directions of 
cross-bedding to the north and west south west. The preva-
lent wind direction is to the northwest and the phenomenon 
is explained by the migration of dunes that have slip-off 
faces dipping at oblique angles to the major wind direction. 
Imbrie and Buchanan (1965) observed ripple trains moving 
alternately and at right angles to each other over the surface 
of elongate channel edge bars which are oriented parallel 
to the major tidal currents, in several intercay regions in 
the Bahamas. They explain that such a situation has cause 
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in the competition between tidal currents and currents 
produced by wind and waves. 
It seems possible that the bimodal distribution of 
cross-bed inclination directions of the sandstone resulted 
from either a single current direction or a variable current 
which had two principal directional modes throughout the 
deposition of the sandstone. Of these two possibilities, 
the latter seems more probable because in a shallow marine 
shelf environment the resultant of tidal currents and 
variable currents produced by wind-driven waves would likely 
be variable itself. 
On the other hand, the principal modes of the inclination 
directions of cross-bedding in the sandstone may be strongly 
correlated with vertical positions in the unit. That is to 
say, the other possible distribution of cross-beds of the 
south southwesterly mode (Figure l) may be older than those 
of the northwesterly mode, or the opposite. If this is the 
case, a modern analogue of the sandstone bodies may well be 
the tidal bars at the southern end of Tongue of the Ocean 
in the Bahamas as described by Ball (1966). The thick 
sands of these elongate bars, which are oriented parallel 
with tidal currents, consist of cross-bed sets dipping in 
a direction roughly perpendicular to the bar trend. In 
the channels between the bars are ripples that trend across 
the channels and thus indicate current movement and sand 
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transport parallel to the channels. Ball reasons that the 
migration of these bars in a direction perpendicular to the 
channel axes produces the cross-beds in the bars and if 
migra~ion occurs first in one direction and then in the 
other, a bar which is a composite, multi-storied structure 
composed of crossbede dipping in two directions at least 
90 degrees apart may result. This mechanism could yield a 
sand body whose cross-bed inclination directions fall into 
two modes or sets of which one is markedly the older. 
A third possibility is that both of the possible 
distributions of cross-bed inclination direction, with 
respect to vertical position within the sandstone, exist in 
the area of etudy. Based on rather subjective and qualitative 
field observations it seems most likely that this is the case. 
The sandstone bodies are interpreted as having been 
formed in a shallow shelf marine environment. A bimodal 
distribution of cross-bed dip directions with modes lSO 
degrees apart is indicative of both tidal sand bodies and 
the barrier island complex (Potter, 1967, Imbrie and Buchanan, 
1965) •. The modes of cross-bedding in the sandstone are 
about 90 degrees apart. 
The trapping of transported sand in the lee of topo-
graphically high features may account for the origin of 
the sandstone bodies. A similar mechanism is proposed by 
rocKee end Tibbetts (1964) for the origin of seif dunes and 
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by Off (1963) for his tidal current ridges on the north 
coast of Australia. 
Summary 
The following conclusions were reached in this study, 
1) The sandstone bodies formed in a shallow subaqueous 
marine environment. 
2) The central tendency of paleocurrent direction 
during the formation of the sandstone bOdies has an 
azimuth of 254 degrees. 
3) The sandstone bodies are of elongate plan and are 
subparallel to a line with azimuth 253 degrees. 
4) The sandstone bodies have lengths of at least 
3400 feet, widths of at least 700 feet, and 
maximum thickness of 50 feet. 
The sandstone bodies may have one or more of several 
analogues in modern elongate sand bodies depending on 
whether. 
1) The cross-beds of the two inclination direction 
modes are randomly located vertically in the sand-
stone bodies or, 
2) The cross-beds of the two inclination direction 
modes are correlated with vertical position in the 
sandstone bodies or, 
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3) 80th situation (1) and (2) exist in different 
sandstone bodies in the study area. 
An approach to the determination of the relation 
between the internal structure and external shape of the 
bodies would involve correlation of small scale as well 
as large scale cross-beds with vertical position in the 
sandstone bodies. 
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